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IS''MACT

Liquid metals have certain properties that make them candidates for heat
transfer use in aerospace systems. The objective of this investigation was
to determine the magnitude of the heat transfer coefficient of condensation
for sodium. Design factors and program organization are discussed, and a
description of the equipment is presented. The heat transfer experiments were
conducted in a closed boiler system, in which the sodium was boiled in the

•i• • lower region and condensed upon an instruati.nted surface in the upper region.
Operational techniques and history are discussed, including the massive, pre-
lowuer falrego anondne upo anistnetetufaei theupergin
S mature failure of the condensing section. The 1700 0 F sodium leaked into the
500OF cooling air passage and generated a considerable amount of dense smoke

"before complete shut-down of the equipmeht. Only three data points were ob-

tained. The heat transfer coefficients for condensing sodium ranged from
79.8 to 473.6 Btu/hr-ft 2 -0F for heat fluxes of 7,683 to 24,085 btu/hr-ft 2 .
A sample calculation is presented. The boiler material showed satisfactory
corrosion resistance to soditui but not to the sodium and air reaction. Dif-
ferential thermal expansion apparently loosened the special surface thermo-
couples, allowing the sodium to leak into the coolant passage.
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I. INTRODUCTION

Liquid metals have certain properties, such as heat capacity, thermal
conductivity, and thermal stability, that make them attractive candidates
for use as working fluids and/or heat transfer fluids in aerospace systems.
Working fluids receive energy from a heat source, such as a nuclear reactor
or a solar collector, and transmit this energy to a prime mover, such as a
turbine. Heat transfer fluids receive energy from a heat source and transmit
this energy to another location or medium, either for use, as in a heat ex-
changer, or for rejection, as in a space radiator.

High heat capacity and thermal conductivity allow liquid metals to
transfer more energy tha., other more common heat transfer materials. Liquid
metals also have good thermal stability, with operating temperature limita-
tions being introduced by the materials used to contain them. Hgiher oper-
ating temperatures, possible because of the thermal stability, would allow
greater system operating efficiency. Greater operating efficiency 'in any
system of an aerospace vehicle is always desirable. If liquid metals are
to be used in aerospace systems, they must be studied to determine the mag-
nitude of their heat transfer properties.

This investiga.tion was concerned with the heat tran- .v -roperties
associated with the condensation of sodium. The primary A-C ttive of this
work was the determination of the magnitude of the heat t irn:fer coefficient
for condensing sodium vapor under various operating condi-ions of pressure,
temperature, and heat flux. A secondary objective, established early in the
program -nd subsequently discarded, was the determination of the mode of
condensation, whether the condensate was formed in a continuous filmn or in
drops.

The heat transfer measurements required for the determination of the
coefficient of condensation were made in a closed boiler system. Mhelboiler

* was a large cylinder, closed at both ends, in which a smaller cylindrical
surface was located. The sodium vapor, generated in the larger cylinder by
boiling the sodium, was condensed upon the outer surface of the smaller
closed cylinder. This condensing surface was instrumented to obtain surface
temperature measurements. The condensate then returned to the boiling region
to complete the operating cycle. Observation of the condensing surface dur-

ing operation was to allow the mode of condensation to be determined.

II
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Several factors were considered in establishing design requirements for
an apparatus that would generate and contain liquid metal vapor for conden-
sation experiments. Among these factors were the following:

-. Geometry and orientation of the condensing surface;

2. Temperature range of operation; and

-3. Pressure range.

A concentric cylindrical configuration was selected to insure symmetry
in the vapor-condehsate flow path. Vertical oriei,'t.on was selected to in-
sure uniform vapor envelopment of the cor. ensing surface.

The original plan included studying various liquid metals at tempera-
tures to 2500*F. The upper limit was established to cover the expected oper-
ating range of sodium, the liquid metal of prime concern. This material is
solid at room temperature, and no heat transfer studies of the solid material
were planned.

A pressure range of 0.1 mm. Hg abs. to 65 psia was selected for this ap-
paratus. The low pressure was established as an aid for outgassing volatile
contaminants in the l' quid metal. The 65 psia stipulation was established
to accommodate any pressure surges that might occur during boiling.

The determination of the mode of condensation (continuous film or drop-
wise), was originally established as a secondary experimental objective. This
objective was discarded because there were many problems associated with
viewing the condensate and sealing the windows. Solving these problems would
have required more effort than was' allotted to the entire program. The view-
ing ports were not removed from the design.

I •The investigation was divided into three steps:

1. The design, fabrication, and- operation of a small boiler (2 in.
diameter by 10 in. high) with sodium and rubidium to determihe design con-
cepts for a larger boiler and establish techniques for handling liquid metals

2. The design, fabrication, and operation of a larger experimental
u•2_ / boiler (6 in. diameter by 21 in. high) to 1800QF to ddetermine the heat-trans-

S fer coefficients for condensing sodium.

2
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3. The fabrication of another boiler, based upon the design of the
hi Of St&•e• •A C .0, but- cons"U'ruc JJM OfrJomspecial Inight tempraL• kJ -4-. - a., Ca&,"

its operation to determine the heat transfer coefficients for several con-
densing liquid metals to 25000F.

Step 1 has been completed and the results have been reported (Refs.
1-3). Some data for the over-all heat transfer coefficients were determined
for sodium and rubidium condensing on a small stainless steel U-tube. Var-
ious condensing heat rates were used with heat flux levels ranging from 783
to 9,623 Btu/hr-ft 2 . The over-all heat transfer coefficients* determined for
sodium during the last part of Step 1 ranged from 6.1 to 23.5 Btu/hr-ft 2 -eF;
and for rubidium the values ranged from 8.2 to 20.6 Btu/hr-ft 2 - F.

Step 2 has been completed and the results have been reported (Refs.
4-6). In the preliminary work (Ref. 4), the heat transfer coefficients for
condensing sodium ranged from 0.6 to 946 Btu/hr-ft 2 -eF. %he low values Ind
extreme range of values reflected the heat transfer of a varyi'ng mixture of
sodium vapor and argon. The heat 21ux established in the condenslnB °a
ranged from 177 to 35,4c:8 Btu/hr-ft . In the supplementary work (Ref. 5).,
the heat transfer coefficients for condensing sodium (with the argon 7emoved)
ranged from 65.9 to 951.6 Btu/hr-ft 2 -*F. The heat flux levels ranged from
3,977 to 37,925 Btu/hr-ft2 at sodium vapor temperatures from 1332 to 1791*F.

Step 3 has been terminated and the results are pre:sented in this report.

III. SODIUM BOILING SYSTEM

A. Boiler Description

A pictorial representation of the boiler used for these experiments is
shown in Figure 1. As the liquid metal in the lower region was boiled, the
vapor filled the upper region and surrounded the centrally-located cylindri-
cal condensing surface. The liquid metal condensed on the outer skin of this
condensing surface when heat was removed from the inner skin by the cooling
air. The condensate then returned to the boiling region to complete the
operating cycle.

* The over-all heat transfer cuefficient included the condensation of the

metal vapor, metal vapoze-liquid interface resistance, liquid thermal con-
ductivity, liquid-condensing surface interface resistance, condenser ma-
terial cornd-ctivity, arn solid-gas resS.stance at; the heat was reimoved by
the cooling air.

3
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The actual boiler used for these experiments is shown in Figure 2. This

boiler was made from Haynes 25, a high temperature alloy with the following
composition:

Elemeints Percentage

Nickel 9-11

Chrome 19-21

Tungsten 14-16
Iron 3. maximum

Carbon 0.05-0.15

Silicon 1. maximum
Manganese 1-2

Cobalt Balance (approx. 50)

This material was selected for its strength at temperatures of 2300*F and

higher. The Haynes 25 also did not require an inert gas shiele, for protection
from oxidation at these operating temperatures.

The boiler body was made frcm 0.5 in. plate rolled and welded into a

cylinder of 6.754 outside diameter. The boiler bcttom was a 0.375 in. thick
disc welded into the body. The boiler top, made from a 0.875 in. thick,

U. in. diameter disc, was bolted to a ring that was welded to the boiler body.

The three portholes were included in the design to allow illumination
and visual examination of the condensation process. These portholes are

shown in Figure 2. During this operation, the portholes were sealed with

Type 347 stainless steel discs, using Inconel X nonplated hollow metal "0"

rings as seals.

Access to the boiler interior, required for post-operative cleaning

and inspection, was through the bolted top. The original flanged top was

sealed with a taper fit, but this seal was modified to include two Inconel

X nonplated "0" ring seals of identical cross-section, one with a 6.25 in.

diameter erd the other with a 6.75 in. diameter. The original configuration,

using the taper fit, was found to be unsatisfactory. Also, previous experi-

ence with boilers sealed with one "0" ring showed that failure of the "0"

ring seal vas the reason for halting boiler operation. With the two metallic

"0" ring seals installed, the outer seal was still effective when the inner
one failed after prolonged exrosure to sodium vapor.

A drain line was made from C.25 in. diameter schedule 40 pipe. The

difficulties of fabrication with Haynes 25 made it necessary to weld short
pieces of the pipe tcgether to form the required over-all length. The drain
line ex-Lended to within 0.25 in. of the boiler bottom. The boiler was to be

drsined by pressurizing the a.nterior -with argon, forcing the liquid metal out

5
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thirough the drain line into storage containers. This line, topped with a
packless valve of Haynes 25 material, is partially hidden in Figure 2.

The boiler is shown in Figure 3 as it looked after 72 hr. of operation.
The drain line was bent to allow the packless valve to be removed. The I

block at the top of the figure, on the reflux condenser, was for transducer
access to the boiler interior. The pressure measuring system was connected
to one of the three outlets. Fbur sheathed thernocouples were inserted in
the top outlet of this block and extended through the reflux condenser into
the vapor and liquid phases of the liquid metal in the boiler. The third
outlet was not used during the operation.

B. Condensing Surface

Accurate temperature measurement is essential for any heat transfer ex-
periment. The condensing surface temperature and the vapor temperature must
be determined accurately so that errors are minimized. In this work, the
temperature difference between the liquid metal vapor and the condenser sur-
face was found to be quite critical to the results of these experiments.

Temperatures on the condensing surface were measured by eight surface
thermocouples. Fbur additional thermocouples were located behind the con-
densing surface (on the inside of the tube). The locations of the thermo-
couples are shown in Figure 4. The twelve thermocouple leads extend outward
and then upward from the condensing tube, as shown in Figures 2 and 3. The
eight surface thermocouple junctions mounted in the condensing surface were
made by pressing the thermocouple sheaths through the tube, wedging the ends
of the wires together, and then smearing the leads into the surface itself
by a rough-grinding oixration. These thermocouples indicated only the sur-
face temperature; the thermocouple junction thickness was less than 0.001 in.

The condensing surface thermocouple leads were structurally reinforced
by the addition of the attachment ring also shown in Figure 3. Each thermo-
couple lead was attached to this Nichrome wire ring before operation began.

The thermocouple materials for this boiler were Haynes 25 and Type "A"
nickel. Using thermocouple sheaths and one wire of the same material as the
boiler body and the condensing tube decreased the effects of thermal expan-
sion on the force fit of the sheaths in the holes of the condensing tube.
The electrical read-out of developed voltages was also afsisted by the comnon
grounding of all signals.

7__
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Figure 3 -Haynes 25 Boiler, After 72 Hr. of Operation
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Figure 4 - Thermocouple Locations on Condensing Tube

9



C. Support Equipment

During these experiments, two thermocouples were used to measure the
vapor temperature. They were located 0.75 in. from the condensing surface.
One junction was located in the same horizontal plane as the lowest three
surface thermocouples; the other junction was located 2.5 in. higher, corres-

? ponding to the plane of the other set of three surface thermocouples. TheseI thermocouples can be seen in the pictorial representation, Figure 1.

Condenser surface and vapor temperature thermocouple outputs were mea-
sured in millivolts with a Leeds and Northrup K-3 universal potentiometer and
a Leeds and Northrup DC null detector. Temperatures were then computed fiom

a chart based on the calibration of the actual thermocouple materials, Haynes
25 and "A" nickel. The thermocouples were calibrated In an air oven using a
platinum-platinum 10 per cent rhodium reference thermocouple. Part of the

calibratiot curve for this thermocouple material combination is shown in
Figure S.

"Pressure was monitored by a compotund range, fluid-filled Ashcroft pres-
sure gage and by a protected, mercury-filled manometer. The gage gave approx-
imate pressures and showed when the manometer could be used in determining
the boiler internal pressure.

Heat input control was based upon the output of a platinum-platinum 10
per cent rhodium thermocouple located in the liquid zone of the sodium. Heat
input for these experiments came from a 30 kw. Ajax Magnethermic induction
heater. The furnace surrounded the lower 10 in. of the boiler. The radial
clearance between the boiler and the furnace was approximately 0.060 in.
This clearance allowed the boiler to be easily installed and removed without
sacrificing too much inductance.

Coolant air flow was indicated with a Fischer and Porter flowmeter cali-
brated with an American Meter Company gasometer with the actual fittings
installed. Coolant inlet and outlet temperatures were sensed by standard
iron-constantan thermocouples.

Closed circuit television was used to view the boiler system during
operation. Sodium leakage could be observed without exposing personnel to
the reaction products. The camera was focused on the top of the insulated
container which surrounded the boiler. The field of view included the entire
exposed length of the reflux condenser but did not include the cooling air
outlet. 'ie cooling air was exhausted at floor level, away from the boiler
rig.

10
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V/. SYSTE• OPLERATION

A. Operational Technique

This investigation required that sodium vapor surround the condensing

surface at all times. The liquid metal was boiled to produce the required

vapor. Any liquid can be boiled by adding heat and/or reducing the pressure
of the liquid. The boiling point of sodium under one atmosphere of pressure
ha's been reported as 1618OF (Ref. 7). It was desired to decrease the inter-
nal pressure of the boiler and boil the sodium at a lower temperature. Re-
moval of the argon cover gas, introduced during the boiler charging operation,
would eliminate this contaminant from the system, reduce the pressure on the
sodium, and permit the sodium to boil at a lower temperature. Thus, the re-
quired sodium vapor would be generated, boiler life would be improved, and
the quantity of noncondensable argon vapor around the condensing surface
would be minimized.

The procedure for removing the argon cover gas started by first heating
the boiler to 800*F, melting the sodium, and releasing any trapped argon.
Then the boiler was heated to 1200-1300OF while a laboratory vacuum pump re-
moved the argon.

The boiler temperature was allowed to stabilize at 1300 0 F until the
pressure also stabilized. Generally, the evacuation line became plugged with
solidified sodium during this stabilization period. Plugging of the line in-
dicated thet the amount of argon remaining in the boiler was low and that
the sodiu',i vapor was being generated satisfactorily. When the line became
plugged, a valve was closed, isolating the boiler system from the evacuation
system.

B. Operational History

The empty boiler was first heated to 21000F and held at that temperature
for 11 hr., allowing the relaxation of any residual stresses from welding.
Thermal expansion of the boiler top allowed the taper fit of the top to the
body to be reduced. This expansion had been found in the previous boilers

•-• made from stainless steel (Ref. 4). Addition of the two nonplated Inconel X

"0" rings and the heating pretreatment reduced leakage at the taper fit after

the sodium was installed in the boiler.

The boiler, still empty, was then fully insulated and held at 1000OF for
15 additional hours. After this time, the fastening bolts holding the boiler

12
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top to the boiler body were retorqued to assure that the Junction was leak-
tight. A 17-hr. leak check showed no measurable leakage with 45 psig ail
pressure on the boiler interior.

The Haynes boiler was then charged with 3.5 lb. of sodium and subse-
quently heated to 800OF for 3 hr. to check system performance and to allow
any argon that may have been trapped to be released from the sodium. The
system checked out satisfactorily except that thermocouples 1 and 2 produced
no signal. These two thrmocouples were the upper two of the four that form
the vertical line of thermocouples shown in Figure 4.

The boiler was then heated to 13000 F while the vacuum pump removed as
much argon as possible from the boiler interior. The pressure was reduced
to an indicated 0.5 cm. Hg when the evacuation line plugged with solidified
sodium.

The boiler was operated at 1400*F for 28 hr. in an attempt to stabilize
the condenser temperatures and boiler pressure. The pressure line plugged
with solidified sodium, and considerable difficulty was encountered in try-
ing to obtain a valid pressure measurement. Adding a replacement pressure
measurement line to the boiler system eliminated the clogged line. The new
line was installed into the third access port of the cross on top of the re-
flux condenser.

The boiler temperature was then increased to 1650OF and stabilized so
that heat transfer data could be taken. One datum point was recorded and the
boiler temperature was increased to 1700 0 F. Two more data points were re-
corded at different coolant air flows (corresponding to different heat flux
levels). The heat input control thermocouple failed during the stabilization
period for the fourth point, and the test sequence was halted for repairs.

After the defective thermocouple was replaced, the boiler was reheated
to 1700 0 F. After approximately 20 min., smoke was observed on the television
monitor. Visual examination of the test chamber disclosed that heavy, dense,
white smoke of sodium dioxide was coming from the cooling air outlet tube.
A failure had occurred in the condenser section that allowed the coolant air
to contact the hot sodium vapor.

Normal or emergency shutdown of the boiler system previously had in-
volved both turning off the heat source and increasing the condenser coolant
air flow to remove as much heat as possible. Now, however, increasing the
coolant air flow only increased the amount of smoke beIng generated. Some
coolant flow was required to remove heat from the mass of the boiler body,
but the flow had to be a compromise to restrict the amount of air coming into
contact with the 17000 F sodium vapor. The boiler was cooled without producing

13



any -jioleno chedipl "act±)n ax-ernal to the _utAlei say , ? ---
time re•.ired was considerablh y lcntr and. the smoke that was generated spread

tt rcughou. tne bulldln&.

?cstcleaninE inspection revealed that the tuo lcwer surface thermocou-

ples had feiled to maintain thc seal in the condenser tuoe wall, which sepa-

rated the sod'"*m And cooling air. it is balieved that tie sodiiim vapor leakad

into the c-" lani passage and reacted with the cooling air, generating more

heat and perpetviting the sodium leakage. Once such a condition existed, che

reaction continued with considerable heat output.

The larger of the two holes that were formed in the condenser tube is

shown in Figure 6. The pattern and size of the two holes are shorvn in Figure

7, indicating that the reaction of sodium and air had a very detrimental cor-

rosive effect upon Haynes 25.

After the holes were inspected, the lower end of the condenser tute was

sawed off. The view into the condenser is shown in Mgure 8. The inner tube,

a 1 in, nominal size schedule 40 pipe of 1.315 in. outside diameter and 0.133

wnll thickness, had been shortened approximately 1 In. All of the thermocou-

ple lines had been corroded, some for as much as 6 in. of their origin3l

lerenth.

The damea&e tc th•a boiler had been massive end no repai± were possible.

The experinents were terminated.

L4
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A.gure 6 Destroyed Condenser Tube, Shoving Onre Burned Hole
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Figure 7 - Representation of the Two Burned Holes

in the Condenser Tube
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Figure 8 -View Lookinag into the Condenser Tube
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A. Heat Transfer

Only three data points were obtained for the determination of the magni-
tude of the heat transfer coefficient for condensing sodium before the sodium-
air reaction terminated the experiments. These data points are within the

range of values previously reported (Ref. 5) and are as shown:

Vapor Temperature Vapor Pressure Heat Flux Heat Transfer Coefficient

(OF) (psia) (Btu/hr-ft 2 ) (B u/hr-ft 2 -_F)

1650.0 17.57 7,683 345.3
1698.1 20.57 7,886 79.8
1703.7 21.07 24,083 473.6

The measured values of vapor temperature and pressures are shown in
Figure 9. The cutve, shown for reference, was drawn from vapor pressure data
previously reported (Ref. 7). The locations of the two points below the
saturated vapor pressure curve are indicative of the partial plugging of the
pressure measurement line and do not represent any unusual condition within
the boiler.

The heat flux values represent two of the three basic coolant air flows
The input heat control tiiermocouple failure occurred when the highest coolant
air flow was being stabilized, and no data were obtained for the high flow.
Massive boiler failure occurred during the next attempt to establish the high
coolant air flow and no further operation was possible.

The values for the heat transfer coefficients were determined by the

process discussed in Appendix A. These three points are within the range
of values previously reported and do not show any significant trend toward
reaching the high values that have been predicted and expected. The higher
vapor temperatures expected from the operation of this boiler were not ob-
tained, nor were the higher values of the heat transfer coefficient for con-
densing sodium obtained. The unreduced data are presented in Appendix B,
Table 1.

B. Boiler Performance

The operation of this boiler has shown one irteresting fact that appears
to contraaict the obvious massive failure of the condenser section. The fact
is that the material of construction, Haynes 25, did not show any corrosive

18
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fOfe t aro' exposure %0 Iwall,
ing the vertical, welded seam, was not pitted or eroded from the 46-hr. ex-
posure to liquid and gaseous sodium. The condenser section showed discolor-

ation from the high temperature reaction of sodium vapor and air, but the
msurface 1 ina the from the two holes aprneither ly borshowed other

th vi abiliy ofart hesduandns i a present alnteine

signs of oi ocorrosion.

The condenser failure and subsequent deterioration of the Haynes 25
material were not btsed upon the reaction of sodium and the boiler material
but rather were based upon the reaction of sodium and air. This reaction
generated very high temperatures (the sodium vapor temperature was approxi-
mately 1700wF and the air temperature approximately 500oF before the reac-
tion) that could have melted the Haynes 25 and allowed the sodium to react

with the molten constituents of the material. This reaction was based upon
the availability of air to the sodium, and no air was present along the inner
wall of the boiler body where there tlso was no evidence of corrosion.

The condenser failure apparently was due to a mechanical defect in the
installation of the surface thermocouples or due to differential thermal ex-
pansion of the components. If the failure were due to the installation of
the thermocouples, some evidence should point to this failure. However, the
boiler was subjected to a 45 psig pressure check for 17 hr. before the in-
troduction of the sodium. No leakage was evidenced by a decay in pressure
during the leak test.

The failure may have been due to differential thermal expansion, even
with both components being dade from the same matoerial. The thermocouple
sheath and the condenser tube are both Haynes 25., but they were not neces-

sarily at the same temperature. The cooling air passing over the small
thermocouple sheaths would keep them cooler than the larger condenser tube.
However, in previous work with a Type r47 stainless steel condenser that had
Type 347 stainless steel thermocouples (Ref. 5)., there were no troubbles with
leakage through the condenser section in over 5t9 hr. of oparation on one
unit. The preliminary heating of the Haynes 25 boiler to 2100oF would not
have produced the same situation as normal 1700gF operation with sodium. The
preliminary heating did not use sodium and there was no cooling air flow. If
this heating had caused some damage., the damage would have been revealed in the

17-hr. leakage test.

S ", The evidence points to a strain on the mechanical connection of the
S~thermocouple sheath in the condenser tube wall. The strain was probably due

to the differential expansion between the thermocouple sheath (at a tempera-
ture of approximately 700*F) and the condenser tube (at a temperature of ap-

_ proximately 1600eF). This strain, greater in the longer thermocouples, pulled
S~the thermocouple sheaths enough to open a leakage path for the sodium vapor to

make contact with the cooling air. The reaction was then self-perpetuating
and continuously accelerated by the increasing leakage path.

20K _ _ _ _ _ __ _ _ _ _



VI. CONCLUSIONS

The heat transfer results obtained from these experiments are inconclu-
sive. The abbreviated testing resulted in only three data points for vapor
temperatures that have been previously studied; these three points agreed with
those previously reported. The higher vapor temperatures desired to be pro-
duced from this boiler were not obtained because of the failure of the boiler
condenser section.

The boiler failure appears to have been caused by a strain on the ther-
mocouples. This strain was probably induced by the differential thermal ex-
pansion of the cooler thermocouples that were parallel to the hot condenser
tube. The strain then loosened the thermocouples or otherwise generated a
leakage path for the sodium through the condenser tube. This leakage allowed
the sodium to contact the hot air and chemically react to form sodium dioxide.

The boiler material, Haynes 25, did not appear to be affected by the
46-hr. exposure to the sodium liquid or vapor (to temperatures of 1700@F).
No corrosion was evident in the boiler body or on the condenser tube (away
from the burned holes).

Any further use of the surface thermocouples similar to those used in
this boiler should be preceded by a detailed study of the proposed system.
This study should include differential thermal expansion analysis for rela-
tive material elongation, even when both components are made of the same mate-
rial. The strength of any pressed fit junction also should be subjected to
strenuous pressure tests.
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APPMDIX A

HEAT TRANSFER CALCULATIONS

The heat transfer coefficient for condensing vapor is defined (Ref. 8)
as:

h= q
Ts-Tw

where h = heat transfer coefficient, Btu/hr-ft 2 -_F

q = heat flux, Btu/hr-ft 2

Ts = vapor saturation temperature, OF

Tw = condensing wall temperature, OF

The average heat flux through the film of condensate is equal to the
heat removed through the condensing surface divided by the area of the con-
densing surface. The heat removed through the condensing surface is the
energy transmitted to the cooling air, and this value can be determined.

The mass rate of air flow through the condenser section is eq'ial to the

mass rate of flow through the flowmeter. The recorded values must be con-

verted to standard conditions and the flowireter reading must be corrected to

the actual flowmeter calibrated reading.

The pressure of the air at the flowmeter was:

P = Pa + Pgage

p = 7(.80 cm. Hg 27.85 Ib/ft 2  + 0.7 in. Hg (70.73 b/ft 2

cm. Hg / n in. Hg

p =(2055.3 + 49.5),lb/ft 2 = 2104.8 lb/ft 2
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The calibrated flowmeter reading conversion gives the volume of flow:

A' A -P.. A-q q f± 3 /mijn

i
The absolute air temperature was:

T = (80 + 460)°R = 540OR

Froom the perfect gas law comes the mass rate of air flow:

RT

(2104.e lb/ft2\ /3.989 ft3 1 min.
I K. mm 60 sec.)

53.3 ft 540R
.• OR

m= 0.004862 lb/sec

The rate of heat removal can now be calculated from the relationship:

- mcpAt

= rate of heat removal

m = mass air flow

cp = specific heat of air at constant pressure

At = temperature increase through the cooling area

The value for the specific heat at constant pressure, cp , is determined
at the average cooling air temperature.

Tavg 2(105+94)

C at 522.5 0 F = 0.2477 Btu/ib-*F (Ref. 9)

ii
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Therefore:

Q = mc At

= (0.004862 lb)Q/"0.2477 Btu• (940 - 105)OF
sec. -• ib-F

= 1.0056 Btu/sec = 3620.2 Btu/hr

The condensing surface area comes from the relationship and dimensions:

A = fldl + ' d2
4

A = TT(2.375 in.) (8.5 in.) + E (2.375 in.) 2

4

A = 67.851 in. 2 = 0.47119 ft. 2

The heat flux through the condensate film can now be computed:

q -3620.2 Btu/hr

0.47119 ft 2

q = 7683.1 Btu/hr-ft 2

Two vapor temperature measurements were made before the condensing wall
temperatures were read and two vapor temperature measurements were made after
the condenser measurements, the difference being the change in temperature
during the time of the experiment. The average of these four values of the
vapor saturation temperature is:

TS = (1650 + 1651.5 + 1647 + 1651.5)F
4

Ts = 1650.00@F

Only four thermocouples remained operative at the time the condensing
wall temperatures were determined. The average of these four values of the
condensing wall temperature is:

Tw = (1624 + 16d6.5 + 1626.5 + 1634)F
4

Tw = 1627.75OF
25
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T' e heat. transfer coe.ff ciert for condensing sodium vapor can be
determined:

h=

7683.1 Btu/hr-ft 2

(1650.00 - 1627.75)'F

h = 345.3 Btu/hr-ft 2 -'F

The boiler internal pressure is also determined:

Pb = 3.w psig + Pa

" /'0.1934 lb/in2'

Pb = 5.3 Ib/in2 + 7380 cm. Hg Cm. lb/...

pb = 3.3 lb/in2 + 14.27 lb/t•n = i7.77 lb/in 2
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APPENDIX B

TABLE 1

UNREDUCED DATA FROM THE EXPERIMNTS

Vapo-. Temperature, as listed in Results, OF 1650.0 1698.1 1703.?

Aitomatic Control Setting, 'F 1700 1750 17.50

Seat In-pt Power, % 45.0 59.0 60.0

Boiler Pressure, psig 3.3 6.3 6.8

Barometric Pressure, cm. Hg abs. 73.80 73.80 73.80

Condenser Air Flow, indicated cfin 4.0 4.0 11.1

Flow Measurement, Air Pressure, in. Hg gage 0.7 0.7 5.7

flow eeauzement, Air Temperat'are, OF 80 s0 79

Coorlad Temperature, Inlet, OF 105 126 105
Coolant Temperature, Outlet. 'F 940 980 870

Condenser Temperature, OF
Left, Upper 1624 1599 1661
Left, Lower 3526.5 1599.2 1638.1
Right, Upper 1626.5 * *
Right, L-ovar 1G,34 1599.5 1659.6

Vapor TeLmperature, OF
Low, Before 3.650 1699 1709.5
Low• After 1647 1696.5 16S9.5
High, Before. 1651.5 1704 1708
High: After i65i .5 1693 1698

Liquid Temperature, OF
Before 1673 1728.5 172.4.S
After 1-665 1729.5 1104.5

SThermocouple deveicred no voltage, assured to be burned nut.
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